Introduction
Renal fibrosis is characterized by the excessive production and accumulation of extracellular matrix (ECM) proteins, such as collagen and fibronectin, within the kidney, which strongly correlate with deterioration of kidney function (1, 2) . Potent profibrotic effects of TGF-β1 have been well established (3) (4) (5) (6) (7) ; however, anti-TGF-β therapy approaches have fallen short of expectations in human fibrotic diseases (8, 9) . Hence, there is a critical need for a better understanding of TGF-β1 actions and downstream targets.
TGF-β1 can activate the serine/threonine kinase AKT by inducing its phosphorylation in fibroblasts (10) . AKT regulates many cellular processes, including cell survival, proliferation, and metabolism (11, 12) . AKT phosphorylation has been shown to be increased in mouse kidney after unilateral ureteral obstruction (UUO), an established model of progressive renal fibrosis (13) . AKT regulates a number of target proteins, including ATP citrate lyase (ACL), a key metabolic enzyme responsible for the synthesis of acetyl-CoA (14, 15) . Acetyl-CoA is an important metabolic precursor molecule that is utilized for the synthesis of long-chain fatty acids (FAs) and for other metabolic pathways. Our previous studies have uncovered relationships between metabolic dysfunction (including disruption of the glycolytic and FA synthesis pathways) and the regulation of inflammation in organ injury models (16, 17) . However, few studies to date have addressed the role of metabolic dysfunction in fibrogenesis (18) . A recent study has demonstrated alteration in FA metabolism in the kidneys of UUO-treated mice (19) . Furthermore, lipid accumulation and defective FA oxidation were observed in tubular epithelial cells in chronic kidney disease (CKD) kidneys and in experimental folic acid-induced kidney fibrosis Renal fibrosis is a common pathogenic response to injury in chronic kidney disease (CKD). The receptor-interacting protein kinase-3 (RIPK3), a regulator of necroptosis, has been implicated in disease pathogenesis. In mice subjected to unilateral ureteral obstruction-induced (UUO-induced) or adenine diet-induced (AD-induced) renal fibrosis, models of progressive kidney fibrosis, we demonstrate increased kidney expression of RIPK3. Mice genetically deficient in RIPK3 displayed decreased kidney fibrosis and improved kidney function relative to WT mice when challenged with UUO or AD. In contrast, mice genetically deficient in mixed-lineage kinase domain-like protein (MLKL), a downstream RIPK3 target, were not protected from UUO-induced kidney fibrosis. We demonstrate a pathway by which RIPK3 promotes fibrogenesis through the AKT-dependent activation of ATP citrate lyase (ACL). Genetic or chemical inhibition of RIPK3 suppressed the phosphorylation of AKT and ACL in response to TGF-β1 in fibroblasts. Inhibition of AKT or ACL suppressed TGF-β1-dependent extracellular matrix production and myofibroblast differentiation in fibroblasts. Pharmacological inhibition of ACL suppressed UUO-induced kidney fibrosis. RIPK3 expression was highly regulated in human CKD kidney. In conclusion, we identify a pathway by which RIPK3 promotes kidney fibrosis independently of MLKL-dependent necroptosis as a promising therapeutic target in CKD. (20) . Previously, we have also shown that mitochondrial and metabolic dysfunction can regulate the necroptosis pathway in pulmonary disease (21) . Necroptosis, a genetically programmed form of cell death regulated by receptor-interacting protein kinase-1 (RIPK1), RIPK3, and mixed-lineage kinase domain-like protein (MLKL) has emerging significance in human disease (22) (23) (24) (25) (26) . Few studies have implicated RIPK3 in experimental models of tissue injury, including acute kidney injury and nonalcoholic steatohepatitis (27) (28) (29) (30) (31) . To date, the role of RIPK3 in the pathogenesis of kidney fibrosis remains largely unknown.
In the current study, we demonstrate a profibrotic role of RIPK3 using two independent mouse models of kidney fibrosis induced by UUO or adenine diet (AD). We also identify AKT as a downstream signaling target of RIPK3 in kidney fibroblasts. Using the UUO model, we describe a pathway by which RIPK3 promotes kidney fibrogenesis and ECM deposition via the AKT-dependent modulation of the metabolic enzyme ACL. Taken together, our results provide evidence of a RIPK3-dependent, MLKL-independent signaling pathway responsible for kidney fibrogenesis. Furthermore, we identify the metabolic enzyme ACL as a therapeutic target in renal fibrosis.
Results
RIPK3 promotes kidney fibrogenesis. We first examined the expression of RIPK3 in the UUO model of kidney fibrosis. The kidneys of C57BL/6 mice subjected to UUO displayed higher mRNA expression of Ripk3 ( Figure 1A ) compared with mice subjected to sham surgery. Increased protein expression of RIPK3 was confirmed at day 7 of UUO by Western blotting ( Figure 1B) .
To examine the importance of RIPK3 in fibrogenesis, we subjected RIPK3-deficient (Ripk3 -/-) (C57BL/6 background) and WT mice to UUO or sham surgery. Type-I collagen (Col-1), fibronectin (FN), and α-smooth muscle actin (α-SMA), markers of ECM deposition and myofibroblast formation, were increased in the kidney by UUO at day 7 in WT mice, whereas these effects were suppressed in Ripk3 -/mice ( Figure 1C ). Consistently, Col1a1 and Acta2 mRNA (encoding Col-1 and α-SMA, respectively) expression was lower in Ripk3 -/mice relative to WT mice after UUO at day 7 ( Figure 1D ). Mice subjected to UUO displayed increased collagen deposition in kidney tissue by Masson's trichrome staining compared with sham-operated animals ( Figure 1E ). The extent of fibrosis was lower in Ripk3 -/mice relative to WT mice subjected to UUO ( Figure 1E ). Similar to results observed at day 7, Ripk3 -/mice displayed reduced Col-1 and FN expression in the kidney relative to WT mice 13 days after UUO (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.94979DS1). These results indicate that Ripk3 -/mice are protected against UUO-induced kidney fibrosis.
Immunohistochemical analysis revealed sparse expression of RIPK3 in the interstitial area and no expression in the tubular epithelial cells and glomeruli in kidneys from sham-operated WT mice (Figure 1F) . In contrast, kidneys from WT mice subjected to UUO displayed intense interstitial staining of RIPK3 compared with sham kidneys ( Figure 1F ). RIPK3 expression was also evident in tubular epithelial cells of mice subjected to UUO ( Figure 1F ). Immunofluorescence staining revealed colocalization of RIPK3 expression with vimentin-positive cells ( Figure 1G and Supplemental Figure 2 ), suggesting that RIPK3 is expressed in fibroblasts. As expected, RIPK3 staining was absent in kidneys from Ripk3 -/mice ( Figure 1 , F and G).
We also performed the TUNEL assay to evaluate the potential role of RIPK3 in cell death in the UUO model. Increased numbers of TUNEL-positive cells were detected in the kidney after UUO at day 7 in WT mice compared with mice subjected to sham surgery. However, the absolute number of TUNEL-positive cells in the kidney tissue of UUO-treated mice was low. In contrast, Ripk3 -/mice displayed fewer TUNEL-positive cells after UUO than WT mice ( Figure 1H ).
To further confirm the role of RIPK3 in kidney fibrosis, we implemented a model of AD-induced kidney fibrosis, as an alternate model of CKD, which permits assessment of renal function (32) . WT mice subjected to AD displayed impaired renal function, as determined by elevated serum creatinine and blood urea nitrogen at day 7 (Supplemental Figure 3 ) and day 14 (Figure 2A ). In contrast, Ripk3 -/mice displayed improved renal function relative to WT mice after AD at day 7 (Supplemental Figure 3 ) and day 14 ( Figure  2A ). Protein expression of RIPK3 was higher in the kidneys of WT mice at day 14 of AD relative to mice on the control diet ( Figure 2B ). Col-1, FN, and α-SMA expression levels were higher in the kidney at day 14 after AD in WT mice, whereas the expression of these proteins was lower in Ripk3 -/mice ( Figure 2B ). Mice subjected to AD displayed increased collagen deposition in kidney tissue, as indicated by Masson's trichrome staining, compared with animals on the control diet ( Figure 2C ). The extent of fibrosis was lower in Ripk3 -/-mice relative to WT mice subjected to AD ( Figure 2C ). Immunohistochemical analysis of kidneys from WT mice subjected to AD displayed intense staining of RIPK3 in tubular epithelial cells and interstitium ( Figure  2D ). Analysis of kidney cell death by TUNEL staining failed to detect significant TUNEL-positive cells in the kidneys from either WT or Ripk3 -/mice subjected to AD at day 14 (data not shown).
Taken together, these results in two independent mouse models of renal fibrosis suggest that RIPK3 is critically involved in the pathogenesis of kidney fibrosis. To further investigate the mechanisms by which RIPK3 may regulate fibrogenesis, we focused on the UUO model in subsequent experiments. MLKL deficiency fails to protect against kidney fibrosis. MLKL is a downstream target of RIPK3, and phospho-MLKL (p-MLKL) is recognized as a specific marker of necroptosis (22, 33) . However, recent studies suggest that RIPK3 may have pleiotropic effects on cellular processes (34) (35) (36) , some of which may occur independently of MLKL (37) . Furthermore, mice genetically deficient in RIPK3 or MLKL have been shown to exhibit differential phenotypes in acute kidney injury models (38, 39) .
To determine the role of MLKL in UUO-induced kidney fibrosis, we next subjected Mlkl -/and Mlkl +/+ mice to UUO or sham surgery. The kidneys of Mlkl +/+ mice subjected to UUO displayed higher expression of MLKL and p-MLKL compared with mice subjected to sham surgery at day 7 ( Figure 3A ). Col-1, FN, and α-SMA were increased in the kidney by UUO at day 7 in both Mlkl -/and Mlkl +/+ mice ( Figure 3A) . Col1a1, Acta2, and Tgfb1 mRNA expression in the kidney tissue of Mlkl -/mice was not different from that of Mlkl +/+ mice ( Figure 3B ). The extent of fibrosis in Mlkl -/mice, as determined by Masson's trichrome staining, was similar to that of Mlkl +/+ mice subjected to UUO ( Figure 3C ). These data suggest that MLKL does not play an important role in kidney fibrosis and, furthermore, that RIPK3 promotes kidney fibrosis in an MLKL-independent manner.
RIPK3 is not essential for cytokine responses in UUO. RIPK3 has previously been reported to regulate inflammation and cytokine gene expression in an animal model of colitis (35) . Therefore, we evaluated the effect of RIPK3 on the expression of TGF-β1 and inflammatory cytokines by qPCR. Tgfb1, Il1b, Tnfa, and Il6 mRNA expression was higher in the kidney in response to UUO at day 3 (Supplemental Figure 4 ) and day 7 ( Figure 4A ) compared with sham-treated animals. Ripk3 -/mice displayed similar expression of these cytokines relative to WT mice in response to UUO at day 3 (Supplemental Figure 4 ) and day 7 ( Figure 4A ). These results suggest that promotion of kidney fibrosis by RIPK3 is not associated with the differential gene regulation of either proinflammatory cytokines or TGF-β1 in the UUO model. RIPK3-dependent AKT and ACL activation are upregulated in kidney fibrosis. Previously, we have reported that metabolic deregulation, including disruption of the glycolytic and FA synthesis pathways, can regulate inflammasome-dependent inflammation in organ injury models (16, 17) . We therefore sought to determine the importance of the FA synthesis pathway in kidney fibrogenesis by measuring the expression of key enzymes of this pathway in mice subjected to UUO. The expression of phospho-ACL [p-ACL (Ser455)], which generates acetyl-CoA for FA synthesis, was higher in the kidney tissue of WT mice subjected to UUO relative to sham surgery ( Figure 4B ), whereas FA synthase (FASN), the rate-limiting enzyme in de novo FA synthesis, was unchanged. The expression of phospho-AKT [p-AKT (Ser473)], which regulates ACL, was also higher in response to UUO ( Figure 4B ). Interestingly, Ripk3 -/mice displayed lower p-AKT and p-ACL expression in the kidney relative to WT mice after UUO ( Figure 4B ), indicating that RIPK3 is crucial for regulation of the AKT/ACL pathway during kidney fibrogenesis.
RIPK3 is required for TGF-β1-dependent responses in fibrogenesis. Injured epithelial cells produce TGF-β1, which induces the proliferation and activation of interstitial fibroblasts (40) . On the basis of our observation that TGF-β1 expression was not altered by RIPK3 deficiency in UUO (see Figure 4A ), we hypothesized that RIPK3 acts downstream of the TGF-β pathway in fibroblasts. We therefore tested whether RIPK3 can be regulated by TGF-β in fibroblasts in vitro. TGF-β1 induced RIPK3 expression and activated the AKT/ ACL pathway in a dose-and time-dependent manner in NIH 3T3 fibroblasts ( Figure 5, A and B ). Next, we determined the role of RIPK3 in regulating TGF-β1-dependent responses in vitro using genetic interference. Transfection of NIH 3T3 fibroblasts with RIPK3-targeted siRNA reduced TGF-β1-dependent phosphorylation of AKT and ACL in NIH 3T3 fibroblasts ( Figure 5C ). RIPK3-targeted siRNA also reduced TGF-β1dependent Col-1 and α-SMA expression ( Figure 5D ). Similar results were obtained with the RIPK3 inhibitor compound GSK'872 (41, 42) , which reduced the expression of Col-I, α-SMA, FN, p-AKT, and p-ACL, in response to TGF-β1 stimulation ( Figure 5E ). These data suggest that RIPK3 is required for TGF-β1-induced activation of AKT/ACL signaling. Moreover, a necroptosis inhibitor, necrostatin-1 (Nec-1), also reduced the expression of Col-I, α-SMA, FN, p-AKT, and p-ACL in response to TGF-β1 stimulation ( Figure 5F) , implying that the necrosome complex may be involved in regulation of this pathway. Genetic and pharmacologic inhibition of AKT and ACL abrogates TGF-β1-dependent ECM production. We next used genetic interference and chemical inhibitors of AKT to further confirm a profibrogenic pathway involving AKT-dependent ACL regulation. Transfection of NIH 3T3 fibroblasts ( Figure 6A ) or primary human kidney fibroblasts ( Figure 6B ) with AKT1-targeted siRNA reduced TGF-β1-dependent Col-1, α-SMA, and FN expression and phosphorylation of ACL. The AKT inhibitor compound (AKTi) also reduced the expression of Col-I, α-SMA, FN, p-AKT, and p-ACL in response to TGF-β1 stimulation in both NIH 3T3 fibroblasts ( Figure 6C ) and human kidney fibroblasts ( Figure 6D ). We then used genetic inhibition and chemical inhibitors for ACL to further examine the role of ACL in fibrogenesis. Col-I, α-SMA, and FN expression in response to TGF-β1 stimulation was also reduced by the ACL-targeted siRNA and ACL inhibitor compound (ACLi) in both NIH 3T3 fibroblasts ( Figure 7 , A and C) and human kidney fibroblasts (Figure 7 , B and D). Moreover, ACLi and AKTi inhibited TGF-β1-induced cell proliferation in NIH 3T3 fibroblasts ( Figure 7E ). These data suggest that sequential activation of AKT and ACL is critical for ECM production, myofibroblast formation, and proliferation induced by TGF-β1 in fibroblasts.
Pharmacological inhibition of ACL reduces UUO-induced kidney fibrosis. We next tested the potential of the AKT/ACL pathway as a therapeutic target in kidney fibrosis. TGF-β1 and AKT are upstream signaling regulators with pleiotropic effects in multiple cell types and organs. To date, anti-TGF-β therapy approaches have fallen short of expectations in human fibrotic diseases (8, 43) . AKTi may have multiple targets, such as mTOR signaling (44, 45) , in addition to inhibiting the ACL pathway. Therefore, we focused on ACL as a potential therapeutic target, downstream of the TGF-β1-induced AKT pathway. ACLi compounds have received attention as suppressors of tumor cell growth (46, 47) . WT mice were injected once with ACLi on day 4 after sham or UUO surgery, and kidney tissues were harvested for analysis on day 7 ( Figure 8A ). Masson's trichrome staining revealed that collagen deposition was lower in ACLi-treated mice, relative to control mice, after UUO ( Figure 8B ). ACLi inhibited UUO-dependent expression of Col-I, α-SMA, and FN ( Figure 8C) . These results suggest a therapeutic potential of ACL inhibition in kidney fibrosis.
RIPK3 is regulated in human CKD. Finally, we explored the role of RIPK3 in human kidney disease. Kidney allograft biopsy tissues obtained from CKD patients with diabetic nephropathy and histological evidence of tubulointerstitial fibrosis (TIF) demonstrated increased interstitial immunostaining of RIPK3 compared with control kidney biopsy tissues without diabetic nephropathy ( Figure 9A ). We determined that the relative RIPK3 mRNA expression, as detected by quantitative real-time PCR (qRT-PCR), was higher in kidney biopsy samples with TIF compared with control biopsy samples of normal kidney tissue margins from tumor resection ( Figure 9B , and Supplemental Table 1 ). Interestingly the patient sample with the lowest RIPK3 mRNA level in the CKD with TIF group had only minimal evidence of TIF. RIPK3 mRNA was increased in biopsy samples with interstitial fibrosis involving >5% of cortical area (Banff fibrosis score ci1-3) compared with interstitial fibrosis involving ≤5% of cortical area (Banff fibrosis score ci0) ( Figure  9C ). RIPK3 mRNA expression strongly correlated with the interstitial fibrosis score (P = 0.0423, r = 0.5126) but not with serum creatinine (P = 0.2681, r = 0.2946) ( Figure 9D ). These results demonstrate that RIPK3 expression is increased in kidney biopsies with interstitial fibrosis, suggesting that RIPK3 may contribute to fibrogenesis in human CKD.
Discussion
In the current study, we have uncovered that RIPK3 exerts profibrotic effects in the UUO-and AD-induced models of kidney fibrosis in vivo as well as in TGF-β1-dependent fibrogenic responses in vitro. Renal expression of RIPK3 was markedly induced in the kidney following either UUO or AD. Moreover, RIPK3 deficiency provided renoprotective effects, as evidenced by reduced levels of ECM in kidneys in response to UUO or AD, and improved kidney function in response to AD. Our findings establish an important (C-F) NIH 3T3 fibroblasts were treated with (C) nontargeting siRNA (control siRNA) or a mixture of RIPK3 siRNA (SMART Pool) (siRIPK3) for 24 hours and then stimulated with or without TGF-β1 (5 ng/ml, or 10 ng/ml) for 30 minutes to 2 hours. Additionally, NIH 3T3 fibroblasts were treated with (D) control siRNA or 3 independent siRNA targeting RIPK3 (RIPK3 siRNA #1, #2, and #3) for 6 hours and then stimulated with or without TGF-β1 (5 ng/ml) for 15 hours. NIH 3T3 fibroblasts were also treated with (E) RIP3K inhibitor (RIP3K-I) (10 μM) or DMSO (Control) for 12 hours and then stimulated with or without TGF-β1 (5 ng/ml) for 12 hours. Otherwise, NIH 3T3 fibroblasts were treated with (F) necrostatin-1 (Nec-1) (60 μM) or DMSO (Control) for 1 hour, followed by stimulation with or without TGF-β1 (5 ng/ml) for 24 hours. Western blot analysis for expression of RIPK3, Col-I, α-SMA, FN, p-AKT, AKT, p-ACL, ACL, and β-actin is shown. link between kidney fibrogenesis and RIPK3. Furthermore, our studies demonstrate that RIPK3 is highly regulated in human CKD. Taken together, these results suggest the importance of the contribution of the RIPK3-dependent pathway to the pathogenesis of kidney fibrosis and suggest that it is a potential therapeutic target in CKD.
We have observed reduced histological and tissue markers of fibrosis in Ripk3 -/mice relative to WT mice subjected to UUO or AD. In support of our current findings, a recent study has shown that Nec-1, an inhibitor of the RIPK1-dependent necrosome, can suppress kidney fibrosis after UUO (48) . We also report here that RIPK3 may promote the phosphorylation of AKT, an event typically associated with cell survival and proliferation, rather than cell death. A previous report showed that RIPK3 can suppress PDGF-induced AKT activation in vascular smooth muscle cells (49) . Thus, RIPK3 may have cell-type and inducer-specific effects on AKT signaling. Several studies have implicated the AKT pathway in CKD (50) and kidney fibrosis (13, 51) . Akt2 -/mice displayed reduced kidney fibrosis after UUO relative to WT mice (51) . A PI3K inhibitor, which suppresses AKT activation, attenuated kidney fibrosis after UUO (13) . These studies support our finding that a RIPK3/AKT pathway may regulate fibrogenesis in obstructed kidneys. Our data show that ACL was phosphorylated in response to TGF-β1 and that genetic interference of ACL or treatment with ACLi suppressed TGF-β1-induced cell proliferation, myofibroblast formation, and ECM production in NIH 3T3 fibroblasts and human kidney fibroblasts. ACLi also attenuated interstitial fibrosis in obstructed kidneys. To our knowledge, this is the first study that identifies a role of ACL in fibrogenesis. Although ACL generates acetyl-CoA used for FA biosynthesis, we cannot exclude the possible involvement of other metabolic pathways dependent on acetyl-CoA.
A limitation of our study is that we were unable to further elucidate the mechanism by which RIPK3 can directly or indirectly promote the phosphorylation of AKT in fibroblasts. We were also unable to demonstrate a direct intermolecular interaction of RIPK3 and AKT (data not shown). Further studies are warranted to clarify this mechanism. A second limitation is that we focused primarily on fibroblasts in our mechanistic studies. We observed that RIPK3 expression was localized in the tubulointerstitial area and also in tubular epithelial cells in the kidneys of mice subjected to either UUO or AD. Thus, we cannot exclude a possible functional role of RIPK3 in other cell types, such as tubular epithelial cells.
RIPK3 forms a "necrosome" complex with RIPK1 and MLKL after TNF-α stimulation to act as a critical regulator of necroptosis (22) (23) (24) (25) (26) . However, recent studies indicate that RIPK3 can activate signaling pathways independently of MLKL to regulate cellular processes, suggesting that they do not always act in tandem (37) . RIPK3-induced cardiomyocyte necroptosis was found to occur independently of RIPK1 and MLKL and required Ca 2+ -calmodulin-dependent protein kinase, a novel RIPK3 substrate (52) . Moreover, in addition to its central role in necroptosis, evidence suggests that RIPK3 may be involved in regulating other cellular processes. For example, a RIPK3-dependent pathway regulates inflammasome activation by RNA virus (34) . RIPK3 also were treated with nontargeting siRNA (control siRNA) or AKT1 siRNA for 24 hours and then stimulated with or without TGF-β1 (5 ng/ml) for 24 hours, followed by Western blot analysis as shown. (C and D) NIH 3T3 fibroblasts (C) and human kidney fibroblasts (D) were treated with 10 μM AKT inhibitor (AKTi) or DMSO (Control) and stimulated with or without TGF-β1 (5 ng/ml) for 24 hours, followed by Western blot analysis as shown.
regulates necrosis-independent inflammation in dendritic cells and a tissue repair pathway in intestinal epithelium (38, 39) . We hypothesized that RIPK3 may promote fibrosis under conditions when physiological tissue repair processes become excessive and maladaptive in the kidney. Moreover, RIPK3 can enhance the activity of 3 glucose metabolic enzymes, PYGL, GLUL, and GLUD1, in response to TNF-α (53) . These observations suggest that the function of RIPK3 is not limited to the regulation of programmed cell death and may effect other cellular processes. Our data demonstrate that mice deficient in RIPK3 or its pseudokinase substrate MLKL displayed differential phenotypes in the UUO model of kidney fibrosis. In the current study, the levels of RIPK3 and MLKL expression, as well as p-MLKL, were induced in the obstructed kidney, but only mice deficient in RIPK3, and not mice deficient in MLKL, were protected against kidney fibrosis after UUO. Our results, taken together, suggest that RIPK3 contributes to the regulation of fibrogenesis in kidney tissue in a manner that is independent of MLKL. We cannot exclude the possibility that RIPK3-dependent, MLKL-independent necroptosis in fibroblasts, or other cell types such as tubular epithelial cells, may play a role in regulating kidney fibrosis. Our results demonstrate that Ripk3 -/mice exhibited reduced TUNEL-positive cells in the kidney relative to WT mice subjected to UUO. However, the absolute number of TUNEL-positive kidney cells was low in mice subjected to UUO and not detectable in mice subjected to AD. Fibroblast-specific and/or tubular epithelialspecific RIPK3 conditional knockout mice may be useful to address the role of RIPK3 in specific cell types.
In conclusion, we have identified a role of RIPK3 as a key regulator of TGF-β-induced fibrogenesis in vitro and kidney fibrosis in vivo, using two independent models of kidney fibrosis. Furthermore, we demonstrate that RIPK3 regulates fibrogenesis independently of MLKL by activating the AKT-dependent regulation of the metabolic enzyme ACL in fibroblasts. Our experiments suggest that drugs that inhibit ACL may have therapeutic benefit for patients with kidney fibrosis. Further studies will be required to determine the clinical usefulness of ACLi in CKD. 
Methods
Mice. WT male C57BL/6 mice were purchased from Charles River. Ripk3 -/mice, which were backcrossed with C57BL/6 mice, were obtained from Genentech (54) . Mlkl -/mice were provided by Jiahuai Han (State Key Laboratory of Cellular Stress Biology and School of Life Sciences, Xiamen University, Xiamen, China) (55) . Eight-to twelve-week-old age-and sex-matched mice were used for experiments. Mice were maintained in the Weill Cornell Medicine pathogen-free facility.
UUO model of kidney fibrosis. UUO surgery was carried out as previously described (56) . Male mice (n = 2 or 3 per group for sham, n = 5 or 6 per group for UUO) were anesthetized, and ureteral obstruction was performed by the double ligation of the left ureter with 4-0 silk suture via a left flank incision. Sham-operated mice had their ureters exposed and manipulated but not ligated. Sham-operated kidneys were used as a control. The kidneys were collected at the end of the study for histology, Western blotting, and real-time PCR analysis.
AD-induced kidney fibrosis model. The 0.2% AD (TD150071) and control diet were purchased from ENVIGO (32) . The serum and kidneys were collected at the end of the study for the measurement of renal function, histology, and Western blotting.
Reagents. For Western blot analyses, antibodies against RIPK3 (PRS2283), MLKL (SAB1302339), and β-actin (A2228) were from MilliporeSigma. Antibodies to AKT (C67E7), p-AKT (D9E, Ser473), ACL (4332), p-ACL (4331, Ser455), and FASN (C20G5) were from Cell Signaling Technology. Antibodies to human RIPK3 (2B10), Col-1 (ab21286), α-SMA (ab5694), FN (ab2413), and p-MLKL (ab196436) were from Abcam. Antibody to GAPDH (FL335) was from Santa Cruz. RIPK3 inhibitor (GSK'872) was from Calbiochem. AKTi (A6730) and Nec-1 (N9037) were from MilliporeSigma. ACLi (SB 204990) was from Tocris Bioscience. Genotyping. The genotype of each mouse was determined by the PCR from genomic DNA obtained from tail biopsies. The following primer sequences were used for the genotyping: MLKL forward, AGC-CCAAAGAGGCAGCACAAATC; MLKL reverse, AAACTTCCAAATATGGGACTTCTTG.
Western blot analysis. Kidney tissues were lysed with a buffer containing Tissue Extraction Reagent (Invitrogen), a protease inhibitor cocktail (Roche), and phosphatase inhibitors (MilliporeSigma). Cells were lysed with NP-40 Lysis Buffer (FNN0021, Invitrogen), a protease inhibitor cocktail, and phosphatase inhibitors. Lysates were centrifuged for 10 minutes at 4°C, and the supernatants were obtained. The protein concentrations of the supernatants were determined using the Bradford assay (Bio-Rad Laboratories). Proteins were subjected to NuPAGE 4%-12% Bis-Tris gels (Invitrogen) and transferred to Protran nitrocellulose membranes (GE Healthcare Life Science).
qRT-PCR analysis. Total RNA was isolated from the kidney using TRIzol (Invitrogen). 2 μg RNA was reverse transcribed using the High-Capacity DNA Reverse Transcription kit (Applied Biosystems), and qRT-PCR was performed in the ABI PRISM 7500 Real-Time PCR System (Applied Biosystems) using 
